Household air pollution from solid fuel cooking causes millions of deaths each year and contributes to climate change. These emissions can be reduced if households transition to cleaner cooking fuels such as LPG or biogas, yet emission measurements during actual use are limited. Six LPG and 57 biogas cooking event emissions were measured during typical cooking practices in Nepal. Emission factors are reported for elemental carbon (EC), organic carbon (OC), particulate matter (PM 2.5 ), and carbon monoxide (CO) and compared to measurements from wood stoves in the same households. Biogas cooking emission factors were 7.4 ± 10.9 mg MJ −1 for PM 2.5 and 0.2 ± 0.3 mg MJ −1 for EC on a fuel energy basis, and were not significantly different from LPG stoves (9.5 ± 6.8 mg MJ −1 for PM 2.5 and 0.3 ± 0.3 mg MJ −1 for EC, p > 0.05). Wood stoves emitted 50 times more PM 2.5 than biogas on a fuel energy basis and 230 times more EC. EC emissions were about 3% of total particle emissions from biogas and LPG stoves. Most PM 2.5 emissions from gas stoves were attributed to food frying and stove ignition (90%), not the gas fuel (10%), implying that there is a limit to emission reductions that can be achieved with improved fuels.
Introduction
Three billion people cook with solid fuels, such as wood, dung, and coal [1] , emitting pollutants that contribute to climate change and poor health. Solid fuel cooking causes mortality and poor health, largely due to exposure to indoor emissions of particulate matter with an aerodynamic diameter smaller than 2.5 µm (PM 2.5 ) [2] . Emission rates need to be hundreds of times lower than those for traditional stoves burning solid fuels to reach World Health Organization (WHO) guidelines for indoor air quality [3] [4] [5] and interventions with improved solid fuel stoves typically do not demonstrate improved health outcomes [6] [7] [8] . Thus, health-motivated national and multinational initiatives often activities, including cooking large pots (10-30 liters) of animal food and heating water. Periods within each cooking event were identified as stove lighting, boiling, frying, or other (unknown) based on observations during the event.
Households were asked not to cook using additional stoves while measurements were being conducted. However, this did not prevent all background pollutants, and observations in the community suggested that most background contamination was due to outdoor wood cooking by neighborhood homes.
Stoves and Fuels
Households in the study had between one and five stoves (median: 3, Table S2 ). Of the 20 households monitored, 19 had a LPG stove, 15 had biogas, and 17 had wood stoves.
Biogas stoves were common in households in the study region, where fixed-dome anaerobic biogas digesters had been installed as part of Nepali government initiatives between 1997 and 2009. The systems consisted of an underground anaerobic digestion tank (4, 6, or 8 m 3 ), an above-ground inlet port with a mixing chamber for adding animal dung waste (Figure 1a ), and a sludge outlet pit. In addition, underground plumbing to a latrine allowed human waste to be added directly to the digester. A pipe from the digestion tank to the household was connected by flexible hose to a single burner stove (Figure 1b ). Installation diagrams of the biogas systems are shown in Figure S1 . Biogas stove owners reported using them daily during all seasons. However, they acknowledged that gas availability did fluctuate seasonally, affecting how long the stove could be operated. In biogas stoves, an air valve controlled the amount of primary air that was mixed with biogas before the gas passed through the burner ( Figure S4 ). The biogas system instruction manual indicated that the primary air valve should be closed to light the stove, and open during cooking, but the valves were usually stuck in one position, and were not adjusted, suggesting that the fuel-to-air ratio might not be optimum. During winter and spring seasons, the position of the primary air valve was recorded for each biogas cooking event as open (9/35) , half open (13/35), or closed (13/35).
One water boiling test [16] was conducted on a similar biogas stove and digester at the National Renewable Energy Test Station (RETS, Kathmandu, Nepal) during winter. Emissions were measured for 20 min with the primary air valve closed and 20 min with the valve open. The results from this test are discussed in Section S31.
LPG stoves were all two-burner aluminum body stoves with 30 kg replaceable LPG tanks, containing about 15 kg of gas ( Figure S3 ). Households that used biogas and LPG all had biogas stoves for 4-16 years before purchasing an LPG stove. A typical use case was for families to cook with the biogas stove until their biogas was depleted and then complete their cooking task on an LPG stove.
Wood stoves were homemade from mud or bricks, typical of biomass stoves found throughout South Asia. In most wood stove cooking events (15/16), wood and corncobs were used as fuel, and in one event, only wood was used. Dung, while available and used regionally as a cooking fuel, was only observed used to produce biogas.
Description of Seasons
Sampling was conducted in three seasons: monsoon (hot and rainy), winter (cold and dry), and spring (warm and mostly dry). Table S1 shows the sampling periods and the weather conditions during each field campaign. These seasons were selected based on historical weather data.
Emission Sampling
Emissions were measured with custom instrumentation (Fumitron, University of Illinois Urbana-Champaign, and Musakonak Gobargas, Mountain Air Engineering). The Fumitron is similar to and modeled from designs used previously for cookstove emission measurements [17] [18] [19] . Concentrations were measured of CO 2 , CO, PM 2.5 , OC, EC, and particle light scattering and absorption (Tricolor Absorption Photometer, Betchtel). Sensor and measurement details are discussed in Section S7.
Adjustments to the sampling system were made to accommodate both high particle concentrations from wood stoves and low particle concentrations from gas stoves. For wood stoves, forced dilution was added at 1:1 to 1:2 (dilution:sample) in addition to natural plume dilution. To reduce particle loading on filters, a low flow cyclone was used (1.5 lpm, 2.5 µm cut point), keeping total system flows under 1.5 lpm. The Polytetrafluoroethylene (PTFE) and quartz fiber filter flows were set low to 500 ccm, and the TAP flow was set to 50 ccm. For gas stoves, no forced dilution was added. To maximize particle loading, the volume of air passed through the filters was increased. This was achieved by replacing the cyclone with one with a higher flow (3 lpm, 2.5 µm cut point). The PTFE and quartz filter flows could then be set higher, to 1250 ccm, and the TAP flow was set to 500 ccm. In addition, the PM light scattering sensor sensitivity was increased by a factor of eight for gas stoves relative to wood stoves.
Adjustments were also made in the OCEC analysis to accommodate EC filter loadings near the detection limit of the OCEC analyzer. In all biogas and LPG emission samples, the area of the filter used in the analysis was tripled, from 1 cm 2 to 3 cm 2 , thus lowering the detection limit. This was accomplished by loading two 1.5 cm 2 filter punches on top of each other in the instrument. The bottom filter punch was analyzed a second time to confirm that all carbon mass had been released in the initial run (Section S23).
Data Analysis Methods
Emission factors in grams of pollutant per kilogram dry fuel (g kg −1 ) and grams of pollutant per megajoule dry fuel (g MJ −1 ) were calculated using the carbon-balance method, which relies on conservation of carbon mass before and after combustion [14, 17, 18] , and is described in Section S9. In addition, the mass scattering cross-section (MSC) is the scattering (530 nm) observed for a given aerosol mass, and is useful to translate real-time scattering measurements to approximate mass measurements. The mass absorption cross-section (MAC EC ) is an indication of the absorptivity of EC and is defined as the average absorption at 528nm divided by the EC mass.
Estimates of carbon mass fraction were assumed for wood (0.5 g Cg −1 fuel ) and LPG (0.82 g Cg −1 fuel , using 60% butane and 40% propane), and were calculated for biogas using CO 2 and CH 4 measurements, assuming balance nitrogen (mean: 0.44 ± 0.02 g Cg −1 fuel ). Estimates of lower heating value are required to convert emission factors from base fuel mass (kg) to base fuel energy (MJ); 14.9 MJ kg −1 was used for wood, 46.4 MJ kg −1 was used for LPG, and 55.5 MJ kg −1 multiplied by the mass fraction of CH 4 was used for biogas (mean: 22.7 ± 2.3 MJ kg −1 ). A summary of biogas properties is provided in Section S25.
For real-time analyses, each minute of data was averaged and emission factors were calculated. These are termed "one-minute" averages, while the average of an entire cooking event is termed an "event average". Statistics are reported at the event level, household level, and activity levels. The ANOVA test was used to test differences and significance was reported at the 0.05 level. Two limits of detection (LOD) were computed for PM 2.5 , OC, and EC. LOD blank was determined from the blank filters and represents the LOD of the filter analysis. LOD background was three times the background standard deviation and represents the LOD given a contaminated background. LOD and uncertainty analyses are detailed in Sections S12-S22).
The forcing per MJ of fuel energy was estimated using global average forcing per emission estimates for BC (approximated as EC) and primary organic aerosol, (POA, approximated as 1.9*OC) found in Bond et al. (2013) , Table C1 [20], and methods described in Bond et al. (2011) [21] . These estimates assume that the emissions from the stove fuel are equally distributed across the globe, and do not represent climate responses particular to Nepal. The estimate also does not capture forcing from other species, such as secondary organic aerosols or gases. Further details on the method uncertainty can be found in Bond et al. (2013) , Sections 11.8 and 12.6 [20] . This estimate of forcing per consumption of 1 MJ is used to demonstrate the relative climate impact due to the ratio of BC to OM emitted from each cooking fuel. These estimates do not consider the efficiency of the stove, which would change the magnitude, but not the sign of the forcing. Table 1 shows fuel energy-based emission factors and MSC for each fuel and season in the measurement dataset. Previous measurements usually report mass-based emission factors, so comparisons with literature values use these units. Note that all other gas fuel emission factors compared from literature were from water boiling and did not include food cooking emissions. 
Results and Discussion

LPG stove
Mass scattering cross-section was calculated using only events where PM 2.5 and scattering were above the LOD blank and LOD background , N = 18 for biogas, N = 2 for LPG (Section S24).
Wood Stove Emission Factors
Pollutant emission factors were substantially higher from wood compared to gas stoves (p < 0.001, for all gas to wood comparisons). On a fuel energy basis, the CO emission factor from wood was five times higher than biogas and 10 times higher than LPG. Particulate matter emission factors were 50 times higher from wood compared to gas stoves, and the EC emission factor was over 230 times higher than from biogas stoves, and 150 times higher than from LPG stoves ( Figure 2 ). The emission factors and optical characteristics from wood stoves were similar to previous studies of biomass emission factors from South Asia stoves (Section S28). Points show values for individual cooking events and are jittered vertically to reduce overlap between points. Large circles represent cooking events above both detection limits, LOD blank and LOD background , yellow diamonds are events below both detection limits, and the green diamonds are events under only one detection limit.
Biogas and LPG: Carbon Monoxide
Carbon monoxide emission factors from biogas stoves were an average of 1.1 ± 0.5 g MJ −1 (22 ± 10 g kg −1 ) across all seasons. The CO emission factor for LPG was 0.4 ± 0.2 g MJ −1 (20 ± 9 g kg −1 ), about the same as biogas on a fuel-mass basis, and less than half on a fuel energy basis. Figure 3 compares these results to emission factors from gas fuels in previous studies, also compiled in Table S15 . Biogas CO emission factors were about 10 times higher than from two laboratory studies (2 ± 1 g kg −1 ) [14, 22] . No events were observed that were as low as previous measurements.
In biogas stoves, CO emission factors were influenced by the fuel-to-air mixing ratio, a phenomenon commonly observed in gas combustion [23] . Carbon monoxide emission factors were similar when the air intake valve was open (16 ± 4.0 g kg −1 and half open (17 ± 4.1 g kg −1 ), and nearly twice as high when the valve was closed (33 ± 9.0 g kg −1 , p < 0.001). In the laboratory test, the CO emission factor was three times higher when the valve was closed, corroborating that the highest fuel-to-air ratio decreased the combustion efficiency for this stove design.
The CO emission factors from LPG were similar to those found by Smith [15, 22, 24] . LPG emission factors of Zhang et al. (1999) and were 9 ± 3.4 g kg −1 and 2 ± 3 g kg −1 and were lower than found here [14, 25] .
In context, the CO emission factors from both biogas and LPG were low compared to typical biomass fuel combustion (35-130 g kg −1 , 2-9 g MJ −1 , Table S6 in Weyant et al. 2019 ) [18] , or coal combustion (5.8 ± 2 g MJ −1 ) [19] . The emission factors were also low compared to field observations of improved solid fuel stoves, such as gasifiers (about 6 ± 2 g MJ −1 ) [26] and forced draft stoves (4 g MJ −1 ) [27] . Some laboratory tests of improved biomass stoves have been in this range, such as the Oorja stove and the StoveTec TLUD [28] . However, these types of stove have higher emissions when used sub-optimally in the field (3.2 g MJ −1 ) [29] . [14, 15, 22, 24, 25, 30] . The points represent the mean and the bars extend plus/minus one standard deviation.
Biogas and LPG: Particulate Matter
The PM 2.5 emission factor for biogas (0.16 ± 0.23 g kg −1 ) was lower, but not statistically different from LPG (p > 0.05). The average biogas emission factor was near those found by Zhang et al. (2000) for coal gas of 0.2 ± 0.06 g kg −1 , and natural gas of 0.16 ± 0.07 g kg −1 . The PM 2.5 emission factor for biogas was three times lower than a measurement by Smith et al. (2000) of 0.57 g kg −1 [22] , yet was within one standard deviation of that study. Only three events out of 57 had an average PM 2.5 emission factor greater than that found by Smith et al. (2000) , which is surprising given that those measurements were of water boiling, while those here include food cooking emissions.
The PM 2.5 emission factor for LPG (0.44 ± 0.31 g kg −1 ) was within the range of most previous LPG emission measurements. It was slightly lower than found by Smith et al. (2000) and Zhang et al. (2000) of 0.51 ± 0.09 g kg −1 and 0.52 ± 0.92 g kg −1 , respectively [22, 25] . It was two times higher than found by Habib et al. (2008) of 0.2 g kg −1 [30] and ten times higher than a recent laboratory study of 0.05 ± 0.04 gkg −1 [24] . The higher value found here is likely due to the inclusion of food frying, as discussed in a later section.
As seen with CO, PM 2.5 emission factors from biogas and LPG stoves (7.4 and 9.5 mg MJ −1 , respectively) were substantially lower than emissions from traditional biofuel (130-1,250 mg MJ −1 ) [18] or coal (630 ± 450 mg MJ −1 ) [19] . Emissions from biogas and LPG were lower than from improved biomass stoves measured in the field, such as the Philips stove (280 ± 40 mg MJ −1 ) [27] , and were lower than the lowest emitting biomass stove measured in the laboratory by Jetter et al. (2012) , which was the StoveTec TLUD, emitting about 50 mg MJ −1 [28] .
Biogas and LPG: Elemental and Organic Carbon
The EC emission factor was 0.2 ± 0.3 mg MJ −1 (0.004 ± 0.006 g kg −1 ) in biogas stoves and was lower than LPG (p = 0.002) on an energy basis, but not different on a mass basis (p > 0.05). On average, 3% (range: 0-5%) of the particulate matter from biogas stoves was EC. The majority of the PM 2.5 was composed of OC (approximately 70%), which is higher than wood stoves (50%). Similar to emissions from some other combustion sources [18] , the EC and PM 2.5 emission factors were not correlated within biogas stoves (r = 0.2).
No EC or BC emission factors were found in the literature for biogas, but three laboratory tests were available for EC from LPG stoves measured in the laboratory. Habib et al. (2008) found an emission factor of 0.008 g kg −1 , Venkataraman (2005) found 0.01 g kg −1 , and Shen et al. (2018) found 0.009 ± 0.005 g kg −1 [24, 30, 31] . The EC emission factor for LPG here (0.014 ± 0.012 g kg −1 ) was approximately the same as these three studies. The EC may be similar to that of Shen et al. (2018) even while the PM 2.5 was 10 times higher because much of the PM 2.5 here is likely from frying emissions, but the EC emissions are mostly attributed to the fuel combustion (discussed in a later section).
Measurements of the OC emission factor in LPG stoves (0.24 ± 0.16 g kg −1 ) were 3-5 times higher than previous measurements of OC in LPG stoves in Habib [30, 31] . The OC emission factor is likely elevated due to frying emissions.
Cooking System Emissions
Most tests conducted from gas fuels are laboratory tests that do not capture all the emissions associated with a wholistic view of the cooking system, which includes fuel combustion, emissions from lighting the stove, volatilization and combustion of food, and sometimes burning residues from the outside of cookware. For gas fuels, the emissions from the primary gas fuel can be low compared to these other emission sources. However, the inclusion of all cooking system emissions provides an emission factor with real-world relevance. Our measurements include real-time optical detection of particles that was used to discern the dominant sources of cooking system emissions. Figure 4 shows an example of real-time CO and optical emission factors during various cooking activities during one fairly representative biogas cooking event. During the lighting phase, a spike occurred in particle light scattering and absorption emissions, but not in CO. At about 8:00, the beginning of the frying phase, a spike in CO was observed when a cold pot was placed on the stove, but was not observed in scattering and absorption. At about 8:05, when food was being pan-fried in oil, a spike was observed in scattering and absorption, but not in CO. In Figure 5 , boiling, frying, and lighting activities were averaged over all biogas events. The average absorption emission factor for all boiling events using a biogas stove was 0.011 ± 0.024 m 2 kg −1 (median: 0.007 m 2 kg −1 ), about 35% less than the overall average (0.016 ± 0.017 m 2 kg −1 , median: 0.015 m 2 kg −1 ). The average absorption emission factors during frying events (0.03 ± 0.05 m 2 kg −1 , median 0.02 m 2 kg −1 ) and lighting (0.05 ± 0.2 m 2 kg −1 , median 0.007 m 2 kg −1 ) were higher, but the differences were not significant (p > 0.05) due to high variability. Assuming a similar MAC EC for biogas and food emissions, and that boiling period emissions were exclusively from fuel combustion, the EC emission factor from biogas fuel combustion was approximately 0.10 mg MJ −1 (0.002 g kg −1 ), excluding cooking and lighting emissions.
The scattering emission factor for boiling tasks on biogas was 0.02 ± 0.09 m 2 kg −1 (median: 0.009 m 2 kg −1 ), about one tenth of the overall average of 0.2 ± 0.3 m 2 kg −1 (median: 0.05 m 2 kg −1 ), suggesting that the majority of PM 2.5 emissions from biogas cooking are not due to the fuel, but are from food frying and stove lighting. Emissions during frying were 0.6 ± 0.8 m 2 kg −1 (median: 0.3 m 2 kg −1 ), and lighting periods were 0.08 ± 0.2 m 2 kg −1 (median: −0.003) and the differences were significant (p < 0.001). If the MSC is similar for biogas and food emissions, the PM 2.5 emission factor would be 0.94 mg MJ −1 (0.02 g kg −1 ) for boiling. This estimate is similar to a water-boiling laboratory test for LPG of 0.05 ± 0.04 g kg −1 [24] .
CO emission factors, on the other hand, did not appear to be similarly influenced by cooking and lighting. The emission factor during boiling was 23.6 g kg −1 , frying was 19.2 g kg −1 , and lighting was 18.2 g kg −1 (p > 0.05).
Emission factors used in global emission inventories do not include emissions from food, as this is difficult to measure separate from the fuel. The method here provides a combined emission factor that does not require separation in order to be used in inventories. One caveat is that the PM 2.5 emissions from gas stoves likely vary by regional cooking practices. 
Sources of Variability
Seasons, households, and meals were explored as possible explanatory variables for emission factor variability. For biogas stoves, there were no seasonal differences in emission factors when analyzed at the event level (p > 0.05, Figure S20 ). However, when considering seasonality at the household level, the EC emission factor was significantly higher in spring and lowest in the monsoon (p = 0.03) and the difference was also observed in absorption (p = 0.001) ( Figure S21 ). Greater variability was observed in the EC emission factor in the spring compared to either the monsoon or winter seasons and this variability was greater within households than between them. This high within-household variability suggests that stove-use activities have a large effect on the emissions and that the effect of seasonality is relatively small. Household activity emissions are discussed below.
No other seasonal differences in emissions were observed (p > 0.05) at either the event or household level and no seasonality was observed in wood stoves. The lack of a seasonal effect in the emissions does not rule out the possibility that some differences would exist at more extreme weather variability; the temperature difference between monsoon and winter was only 10 • C. Seasonality has been observed in previous studies for wood stove emission factors in India [32] .
For absorption and EC emission factors, more variability was observed within households than between seasons and the possibility that this is due to differences in emissions between meals was explored. The absorption emission factor was higher for lunch (0.02 ± 0.02 m 2 kg −1 ), compared to dinner (0.01 ± 0.01 m 2 kg −1 , p = 0.02) and the general trend was also observed in EC (p > 0.05). Differences were also observed in cooking habits between meals. Less time was spent frying during dinner compared to lunch, 14% compared to 27%, while more time was spent boiling dinner events compared to lunch, 40% compared to 34%. However, differences in PM 2.5 emission factors were not observed between meals, as would be expected given the differences in boiling and frying scattering emission factors.
Climate Forcing by Aerosols from Cooking Fuels
The climate forcing due to biogas and LPG stove aerosol emissions, excluding forcing due to gas emissions, was approximated using the EC and OC measurements, is shown in Figure 6 . The direct aerosol forcing, excluding sulfate, was positive for wood stoves, and negative for LPG and biogas. The overall aerosol effect for all three fuels was negative, largely driven by POA effects on clouds. The forcing per unit fuel energy for wood was −1.4 µWm −2 MJ −1 × 10 −9 , 15 times higher than for gas fuels (−0.1 µWm −2 MJ −1 × 10 −9 ). The difference between wood and gas fuels is largely driven by the difference in the particle emission magnitude, but the gas fuels have a lower fraction of EC compared to OC so they are more cooling than wood for the same mass of particle emissions. A full accounting of climate impacts from biogas requires an assessment of the digester, as well as the stove. Methane produced in the digester is 34 times more warming than CO 2 , and even a few substantial leaks can potentially impact the global warming impact of these systems relative to other cooking technologies. A full-system assessment is required to assess climate impacts.
Comparison with ISO Performance Tiers
Cookstove emission tiers of performance have been defined in ISO TR 19867-3 [3] , where Tier 5 is the cleanest level and Tier 0 is near-average for traditional solid fuel cooking. These performance tiers are intended for results of the laboratory test specified in ISO-19867-1 [33] , but comparisons with field data can provide context. The tiers are defined in terms of emission factors in grams per megajoule delivered, but they can be mapped to emission rates following the methodology provided in ISO TR 19867-3 for comparison with our field measurements ( Figure 7 ) [3] . Biogas stove average PM 2.5 emission rates, including food emissions, would be considered Tier 4, not as clean as the cleanest laboratory tested stoves without food cooking emissions. The detection limit was also Tier 4, implying that common measurement practices cannot distinguish between Tiers 4 and 5 in the field, largely due to background contamination and filter weighing uncertainties (Sections S12, S13, and S15). Neither increasing the flow rate nor a clean background in laboratory tests was sufficient to reduce the uncertainty to Tier 5. In addition, food frying emissions (about 90% of the PM 2.5 emission factor) were also Tier 4, suggesting that Tier 5 emissions performance is not achievable when frying. These observations do not negate the value of low emissions laboratory performance tiers, but highlight the need for appropriate field-based metrics. 
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Graphs by stove code used in SUMS Figure 7 . Box plots showing the biogas PM 2.5 emission rates and the limit of detection (LOD blank ) expressed in the same units. ISO performance tiers are shown as vertical lines [3] . The boundary between Tiers 5 and 4 is at 0.2 mg min −1 and the boundary between Tiers 4 and 3 is at 2.7 mg min −1 . Most PM 2.5 cooking emission factors were Tier 4. The limit of detection was also in Tier 4.
Conclusions
In-field emission measurements were conducted from 6 LPG, 16 wood, and 57 biogas stove cooking events over three seasons in Nepal. Unlike previous LPG and biogas stove measurements, these new measurements provide emission factors that include user choices of burn rate and cookware while cooking full meals.
LPG and biogas PM 2.5 emission factors are very low compared to biomass fuels, but are about 10 times higher than a recent large-sample laboratory study of LPG emissions [24] . The difference is shown to be largely explained by the inclusion of emissions from the food (predominately from frying), which is an unavoidable part of real-world cooking. There may, thus, be a limit to the expected emission rate from cooking that is more dependent on the food than the fuel. The PM 2.5 emissions from LPG and biogas cooking events are also higher than the lowest-level emission tier from ISO TR 19867-3, suggesting that the tier may not be achievable in the field, depending on local cooking customs.
The lowest-level emission tier was also lower than the limit of detection due to background concentration and the uncertainties inherent in measuring filter mass with low PM 2.5 loading. The detection limits and uncertainty methods discussed here are applicable to gas cooking measurements as well as low concentration particle measurements from any source.
The overall emissions from LPG and biogas were much lower than from wood cooking, and full replacement of wood stoves with either biogas or LPG would reduce indoor emissions considerably. 
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